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Quantitative Contrast Angiography for Assessment
of Ventricular Performance in Heart Disease
HAROLD T . DODGE , MD, FACe, FLORENCE H . SHEEHAN. MD
Seattle , Was"ill~tol1
Contrast angiography provides much information about
ventricular and valvular size and function. This review
describes the calculation of left ventricular chamber vol-
ume and wall thickness and the derivation of ejection
fraction, cardiac output, mass and wall tension and stress.
In patients with valvular regurgitation, valve orifice area
can be calculated by using the angiographic output and
regurgitant flow determined by comparing the angio-
graphic output with the cardiac output measured using
Fick or indicator-dilution techniques. By analyzing ven-
tricular volume in conj unction with pressure, it is pos-
sible to assess pressure- volume work, compliance and
The deve lopment of improved X-ray technology , image in-
tensifiers and filming techn iques over the past 30 years has
made imag ing of the left ventricle by angiogra phic meth ods
a valuable cl inical techn ique . Fro m images of the left ven-
tricle. methods have been developed for determining di-
mensions . volume , stroke volume. wall thickness. mass and
wall mot ion of the left ventricular chamber.
The first reports of measurements of left ventricular
chamber vo lumes in human bein gs using angiography were
made more than 25 years ago ( I ). These data were followed
by studies in both experimental anima ls and human bein gs
to develop and va lidate methods (2-5), establish norm al
values for left ventricular volume (6 ,7) and dete rmine the
changes that occ ur in ventricular vo lumes with various types
of heart disease (as described in a previous review (8)). The
various methods for quantifying volume determinations have
been ada pted to improve d high speed filming techn iques
using cineangiography with differing projections (9- 12).
Met hods developed for determining left ventricular di-
mensions and mass (2,3,9- 11.13). when combined with
cardiac cat heterization and measurement of left ventricular
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contractility. Regional wall motion can be measured from
the change in ventricular contour with time. When ap-
plied clinically, these methods and measurements have
been used to determine the hemodyn amic characteristics
of the compensated and decompensated left ventricle in
valvular and coronary heart disease. The information
derived from quantifying information in angiographic
images contributes to patient diagnosis, assessment of
prognosis and evaluation of therapy, and has added to
our knowledge concerning the pathophysiology of heart
disease.
press ure. have made it possible to determ ine wa ll forces in
terms of tension and stress (14) and to estimate elastic prop-
erties of the ventricular myocardium in disease ( 15.16) .
This review will discuss the methods and the ir acc uracy
for determining left ventricular chamber dimensions. vo l-
ume and mass from ventriculogra ms . The hemodynamic
charac ter istics of various heart diseases as determined by
applications of these techniques are described. With furth er
development of X-ray technology by such techniques as
digital subtraction angiograph y. improved imaging and fur-
ther automation of various measure ments . quantitation of
informatio n in cardiac image s will very likely have an in-
creasi ngly impo rtant role in clinica l cardiology and card io-
vascu lar research.
Methods of Measurement
Ventric ular Volume
Problems. There are three majo r problem s when deter-
mining left ventricular chamber volumes from contras t ven -
triculograms: I ) image distortion from nonparallel X-ray
beam s. from pincushion distortion in image intens ifier sys -
tem s and from cine project ion : 2) diffe ring left ve ntric ular
image project ions on the X-ray films resulting from the left
ventric ular spatia l position and projections used for filming :
and 3) selection of a suitable refe rence figure for volume
calcu lation from two project ions or a single projection (3\.
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Table 1. Normal Values for Left Ventricular Mass and Volume
in Adults
curacy and reliability of volume measurement are also af-
fected by interobserver and intraobserver variability in trac-
ing the endocardial contour. Interobserver variability ranged
from 6.6 to 20 ml for end-diastolic volume, from 5.9 to 10
ml for end-systolic volume. and from 0.04 to 0.057c for the
ejection fraction (12.17.18). Intraobserver variability was
3.3 ml in measuring end-diastolic volume. 3.2 ml for end-
systolic volume, and O.02ek for ejection fraction (18). The
greater variability between observers as opposed to within
observers suggests that repeated studies on the same patient
should be analyzed by the same observer.
Stroke volume. The difference between the end-dia-
stolic volume and the end-systolic volume provides a meas-
ure of left ventricular stroke volume. Several studies (4.19)
have shown that stroke volumes computed from the ven-
triculograms agree closely with stroke volumes computed
by the independent Fick or indicator-dilution methods. A
study (20) in which cardiac dimensions in human subjects
were monitored by measurements from epicardial radio-
paque markers failed to demonstrate a systematic change in
diastolic volume or stroke volume due to contrast medium
until at least the seventh beat after injection.
Normal values. Normal values for left ventricular
chamber volume as determined by these methods have been
established (Table I). In the average adult. the normal end-
diastolic volume ranges from 120 to 130 ml (6). The normal
ejection fraction or fraction of the end-diastolic volume that
is ejected is 0.67 ± 0.08 (mean ± standard deviation) (6).
These values representing the normal adult are similar to
those found by other investigators (11.21). Normal values
have also been determined for children and infants (7.22).
Values in ventricular dysfunction. In patients with de-
pressed left ventricular myocardial function. the stroke vol-
ume is small relative to the end-diastolic volume. the left
ventricle is usually dilated and the ejection fraction is re-
duced (23). An ejection fraction of less than 0.5 is usually
considered abnormal. In patients with severe cardiomyo-
pathy or myocardial damage from ischemic heart disease,
the end-diastolic volume may be increased to 400 to 500
ml and the ejection fraction depressed to less than 0.10.
Even in the presence of compensated valvular heart disease.
when there is ventricular dilation and hypertrophy in re-
sponse to pressure and volume overloads. values for ejection
fraction are similar to those found in normal subjects (23).
Methods of measurement. In early studies to develop
and evaluate methods for computing left ventricular cham-
ber volumes. the left ventricles of human hearts were dis-
tended with known volumes of barium sulfate paste and
imaged with biplane orthogonal filming in differing projec-
tions (3). The projected dimensions and areas were deter-
mined from the images and corrected for X-ray distortion.
and chamber volumes were calculated by several methods
and compared with the known volumes (3). These studies
demonstrated that chamber volumes that were computed
from the projected area of the left ventricular chamber and
the longest projected length (so-called area-length method)
and by assuming an ellipsoid reference figure were closely
correlated with known chamber volumes (r = 0.995) and
had a standard error of estimate of ± 8.2 cc.
With this method. volumes (V) were computed as
V = (7T/6)(L)(Da)(Db),
where L is the longest measured chamber length on either
of the biplane films and Da and Db equal the transverse
diameters in the orthogonal projections computed from the
respective projected chamber areas and lengths. Compari-
sons of known chamber volumes with computed volumes
using the calculated spatial length of the chamber and also
by Simpson's rule were similar to those obtained by using
the area-length method but required more complex calcu-
lations (3).
An analysis of biplane ventriculograms from subjects
with heart disease of various origins demonstrated that the
minor diameters of the left ventricular chamber in the two
projections were similar and that the direction of the long
axis of the left ventricle usually changed only a few degrees
during systole (9). Therefore. the projection of the long axis
is thought to be relatively constant during systole and di-
astole. Furthermore. the maximal projected length of the
chamber agreed closely with the calculated spatial length
(midaortic valve to apex), and was usually represented in
the anteroposterior projection. It was then demonstrated that
chamber volumes could be calculated from ventriculograms
taken in the single anteroposterior projection (9).
Kennedy et al. (10) demonstrated that left ventricular
chamber volumes computed from films taken in the single
right anterior oblique as well as the single anteroposterior
projection could be closely correlated with volumes com-
puted from biplane films. but with a systematic overesti-
mation of volume. Because of the known systematic over-
estimation of volume obtained with all of these methods,
the computed volumes in our laboratory are adjusted by
regression equations that were determined in these earlier
studies (9.10). Both Wynne et al. (II) and Rogers et al.
(12) demonstrated that similar equations can also be applied
to adjust volumes computed from biplane films taken in
both the right and left anterior oblique projections.
Interobserver and intraobserver variability. Ac-
End-diastolic volume
End-systolic volume
Ejection fraction
Mass
Wall thickness
70 ± 20 m l.nr'
24 ± 10 m l/m"
0.67 ± 0.08
2.50 ± OAO g/kg
10.9 ± 2.0 mm
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Figure 1. Left ventricular (LV) pressure, volume and cardiac output in a
patient with severe mitral valve insufficiency. The effective stroke volume
(SV) and flow were determined by the Fick method. Regurgitant (RE-
GURG) volume = angiographic stroke volume minus effective stroke
volume. Left ventricular minute output = angiographic stroke volume
times heart rate; Regurgitant flow = regurgitant stroke volume times heart
rate; A-V = arteriovenous; DIFF = difference; EDV = end-diastolic
volume; MIN = minute. (Reprinted. with permission. from Sodeman WA
Jr and Sodeman WA. Pathologic Physiology. Philadelphia: WB Saunders.
1973:283.)
Left Ventricular Mass
In films having proper contrast, the thickness of the ven-
tricular wall usually can be measured and used to estimate
the mass of the left ventricle (13). This method of measuring
mass was validated by comparing calculated mass with left
ventricular weight recorded at postmortem examination
(25,26). Errors are found to arise when hypertrophy is ec-
centric or when pericardial thickening or fluid is present.
In chronic heart disease ventricular hypertrophy occurs
in response to I) increased work from pressure and volume
overload, and 2) chronic left ventricular dilation, even when
stroke work values are low. The type of hypertrophy differs
Volume Curves and Pressure-Volume Relations
Volume curve for the cardiac cycle. If ventricular
chamber volume is calculated from each frame taken at rapid
filming rates such as 60 or 30 frames/s, volume measure-
ments can be plotted with respect to time to construct a
volume curve for the cardiac cycle. From analysis of the
slopes of the ejection and filling values on these curves, the
rates of ventricular volume change during ejection and filling
can be determined (27). The maximal rates of ejection and
filling are usually similar and typically in the range of 500
mils. In patients with severe aortic or mitral valve insuffi-
ciency, peak values of over three times the normal are ob-
served. Values for peak systolic volume change as low as
200 mils are observed in patients with mitral and aortic
stenosis and heart failure from severe myocardial disease.
Pressure-volume curves. Construction of ventricular
pressure-volume curves using the relation of chamber pres-
sure and volume with respect to time provides information
concerning the mechanical performance of the ventricle
(Fig. 2) (4,5,8,15). The work performed in systole to eject
blood and the work performed in diastole to distend and fill
Tension and Stress
From knowledge of ventricular dimensions, wall thickness
and pressure, it is possible to estimate the forces within the
ventricular wall. Tension is the force that tends to pull apart
the edges of a slit in a thin-walled structure (for example.
a balloon), expressed in terms of force per unit length of
slit by the Laplace equation. Stress is the wall force in a
thick-walled chamber, expressed in units of force per unit
area of the cut surface of a slit; it is equal to tension divided
by wall thickness. In an ellipsoid, tension (T I and T2) and
stress (SI and S2) in the equatorial and meridional directions,
respectively, are proportional to the principal radii of cur-
vature (R 1 and R2) (14).
Initially. stress was calculated assuming a thin-walled
model (J 4). Stress was also assumed to be constant from
the endocardium to the epicardium. This model has provided
information about the relation between stress and ventricular
dilation and the effect of hypertrophy on stress (28-30).
More detailed thick-walled and finite element mathematical
models have also been developed (31 ).
with pressure and volume overload. With volume overload,
ventricular mass increases proportionately to the increase in
volume with little increase in wall thickness, so that the
end-diastolic volume to mass ratio is approximately 1.0.
With pressure overload, there is little or no increase in
volume, but wall thickness and mass are increased and mass
to end-diastolic volume ratio exceeds 1.0 (27). The hyper-
trophy and increased wall thickness in compensated pressure
and volume overload states are such that peak systolic wall
stress values remain within the normal range (28).
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Regurgitant Flow and Valve Areas
The demonstration that. in subjects without arrhythmias,
shunts or valvular regurgitation, the angiographic stroke
volume agrees closely with stroke volume determined by
Fick or indicator-dilution methods (4,19) has aided in the
development of a method to quantify mitral or aortic valve
regurgitant flow, or both (24). The regurgitant volume per
stroke is calculated by subtracting the forward or effective
stroke volume determined by the Fick or indicator-dilution
methods from the stroke volume measured by angiography
(Fig. I). The accuracy of this method was confirmed by
comparing the valve orifice areas determined from the cal-
culated regurgitant flow with orifice areas measured at sur-
gery or postmortem examination (24).
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Figure 2. Left.Ventricular pressure and vol-
ume curves plotted with respect to time after
onset of the QRS complex on the electro-
cardiogram. Right. Pressure-volume curve
constructed with positions marked to indi-
cate: mitral valve closure (A). aortic valve
opening (B) and closure (C). respectively.
and mitral valve opening (D). There is no
period of isovolumic contraction between A
and B owing to the mitral valve insufficiency.
Values for work as calculated from the areas
beneath various portions of the curve are il-
lustrated by the shaded areas. (Reprinted. with
permission. from Dodge HT. Baxley WA.
Left ventricular volume and mass and their
significance in heart disease. Am J Cardiol
1969:23:52X-37. )
the ventricle are determined from the area under the systolic
and diastolic portions of the curve. respectively. The rate
at which work is performed is ventricular power (27l.
Left ventricular work and peak ejection rates and power
normalized for end-diastolic volume have been used to as-
sess myocardial performance (27). However. these values
are difficult to determine and interpret. and at present seem
to have no advantage over the simple measurement of ejec-
tion fraction.
Ventricular compliance can be assessed from the diastolic
portion of the pressure-volume curve. Reduced compliance
may be caused by an increase in wall thickness or in muscle
stiffness. and results in elevation of end-diastolic pressure
(16).
Contractility has been evaluated using the pressure-vol-
ume relations at end-systole to determine the slope. EES' of
the line connecting end-systolic pressure and volume mea-
surements recorded under different loading conditions. EES
is nearly independent of preload and afterload. In patients.
the method requires repeated ventriculograms and there is
disagreement about the value of EES curves for comparing
subjects. because the pressure-volume curves of patients
with volume or pressure overload differ from those of nor-
mal patients regardless of contractile state (32).
Regional Left Ventricular Wall Motion
Many laboratories have developed quantitative methods to
measure the extent of wall motion (33-36). These methods
differ primarily in the motion vector assigned to the points
or regions around the left ventricular contour (Fig. 3). Nor-
mal motion differs in different regions of the ventricle (34.36).
To make comparisons. the motion of each region can be
expressed in units of standard deviations from the mean of
a normal reference group (34). Frame by frame analysis of
regional wall motion yields information on both the timing
and the extent of motion in normal and diseased segments
of the ventricle during systole and diastole (33.35).
Valvular Heart Disease
The application of quantitative angiographic measurements
is particularly helpful in evaluating patients with valvular
heart disease.
Aortic Insufficiency
Ventricular volume and mass. In patients with aortic
insufficiency. the left ventricle dilates in response to the
volume overload. As in patients with mitral valve insuffi-
QUANTITATIVE ANGIOGRAPHY AND HEART FUNCTION J AM COLL CARDIOL
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CHORD METHOD
RADIAL METHQD
AREA METHOD
Figure 3. Methods of measuring regional left ventricular wall motion.
The chord and radial coordinate methods assume, respectively, that motion
proceeds toward a long axis or central point. The area method measures
change in area of the regions of the ventricle.
ciency, this volume overload may be very large, with stroke
volumes approaching (but rarely exceeding) 300 ml and
outputs of 25 to 30 liters/min. Left ventricular stroke work
may be elevated to three or four times the normal amount.
The increase in end-diastolic volume is proportional to the
volume of regurgitant flow. The end-systolic volume is also
increased so that in compensated aortic insufficiency the
ejection fraction remains relatively normal (8,23,27,37-40).
An increase in muscle mass, or hypertrophy, accompa-
nies the ventricular dilation (29,30,38).
of the hypertrophy, peak systolic wall stress usually remains
normal, although the left ventricular chamber is dilated and
the ventricle becomes more spherical. This distributes stress
more evenly than is the case in normally eccentric hearts
where stress is much greater in the equatorial than in the
meridional direction (29).
As seen in pressure-volume curves (Fig. 4), isovolumic
relaxation and isovolumic contraction are shortened or elim-
inated (5,23.40). Diastolic pressure is often normal, even
in patients with considerable ventricular enlargement. This
indicates that the elastic properties of the ventricle are altered
in chronic disease, resulting in increased compliance (38.40).
Effect of heart rate. Heart rate influences the hemo-
dynamics of aortic insufficiency. Judge et al. (41) showed
that increasing the heart rate, particularly when there is
bradycardia, causes a reduced regurgitant flow per stroke
and reduced end-diastolic volume and pressure, although
regurgitant flow per minute is essentially unchanged. This
hemodynamic effect of heart rate may account for the ob-
servation that some patients with aortic insufficiency may
experience dyspnea and angina at rest, but tolerate exercise
well.
Ejection fraction. A reduced ejection fraction in pa-
tients with chronic aortic insufficiency indicates decreased
myocardial performance rather than inadequate hypertrophy
for the work overload, as is evidenced by normal or de-
pressed peak systolic stress values (42). With a decrease in
1= mitral stenosis
2 = mitral regurgitation
3 = aortic stenosis
4= aortic regurgitation
5 = aortic stenosis 8< regurgitation
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Figure 4. Pressure-volume curves from patients with dif-
ferent types of heart disease. The curve from the patient
with mitral stenosis (1) shows well defined isovolumic
contraction and relaxation periods. a normal stroke volume
and relatively normal stroke work. The other patients have
larger stroke work values as estimated by the areas under
the systolic limbs of the curves. The patients with aortic
(4) or mitral (2) regurgitation and aortic stenosis and re-
gurgitation (5) have elevated stroke work values with large
stroke volumes. as is shown by the excursion of the curves
along the horizontal or volume axis. Patients with valvular
insufficiency have a shortening or absence of isovolumic
contraction and relaxation periods. Patients with aortic
valve stenosis (3) have elevated systolic pressures. Pa-
tients with large stroke volumes have elevated end-dia-
stolic volumes. (Reprinted, with permission, from Sode-
man WA Jr and Sodeman WA. Pathologic Physiology.
Philadelphia: WB Saunders, 1973:286.)
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ejection fraction. there is an increase in end-diastolic pres-
sure and a further increase of end-diastolic volume and mass.
Indeed, the largest end-diastolic volumes are observed in
patients with aortic insufficiency. and may reach 700 to 800
011 (27). This marked chamber dilation is associated with
massive ventricular hypertrophy. with left ventricular mass
values occasionally in excess of 700 g. particularly when
some associated aortic valve stenosis exists (29).
Regional performance. More recent studies (43) have
demonstrated a selective depression of regional performance
involving the anterior wall or apex in patients with aortic
or mitral valve insufficiency and no coronary artery disease.
This suggests that studies of regional contraction may pro-
vide earlier evidence of a failing myocardium than do studies
of the overall ejection fraction. The basis for regional per-
formance abnormalities is not clear at this time.
Chronic versus acute aortic regurgitation. The net re-
sult of chronic aortic valve regurgitation is ventricular di-
lation to accommodate the volume overload and sustain
forward output. Hypertrophy occurs in response to the in-
creased work and chamber dilation to maintain normal peak
systolic wall stress. As a result of the hypertrophy, total left
ventricular oxygen consumption and coronary blood flow
are increased (23,42,44).
In contrast, acute aortic regurgitation produces a volume
load for which the heart cannot immediately compensate.
The result is an increase in diastolic pressure and the de-
velopment of congestive heart failure with little ventricular
dilation and no hypertrophy (45).
Mitral Insufficiency
Chronic mitral insufficiency. In this condition. as in
chronic aortic insufficiency. the left ventricle is dilated in
proportion to the regurgitant flow and stroke volume. How-
ever. left ventricular hypertrophy is less severe for com-
parable regurgitant volumes. probably because much of the
regurgitation flows into a low pressure left atrium in early
systole during what is normally isovolumic systole (37).
Isovolumic contraction is shortened or eliminated (Fig. 4)
(15,23). The left atrium is also dilated with increased com-
pliance to accept the volume of regurgitant flow. Because
of the dilation and increased compliance in the left atrium
and ventricle. patients with chronic mitral valve insuffi-
ciency may have normal left ventricular diastolic pressure.
left atrial pressure and pulmonary vascular pressure despite
large volumes of regurgitant flow. Thus. patients are often
able to tolerate considerable volumes of mitral regurgitation
for extended periods without having symptoms (46).
The ejection fraction is usually normal in primary mitral
valve insufficiency. but is reduced when the insufficiency
is secondary to ischemic heart disease or cardiomyopathy.
As in patients with aortic regurgitation. dilation is accom-
panied by decreased eccentricity as the ventricle assumes a
more spherical shape (29,47).
Acute mitral insufficiency. The development of com-
pensatory left ventricular and left atrial dilation and of in-
creased compliance are functions of chronicity of the disease
(45). In patients with acute mitral valve insufficiency. as
occurs in patients with ruptured chordae tendineae, there is
little ventricular dilation and hypertrophy and the compli-
ance of the left ventricle. left atrium and pulmonary venous
system is low. Accordingly. there may be significant in-
creases in left ventricular end-diastolic pressure. left atrial
pressure and pulmonary vascular pressure. even with only
moderate volumes of mitral regurgitant flow (48).
Aortic Stenosis
In response to chronic pressure overload in patients with
aortic valve stenosis, the left ventricle is hypertrophied with
an increased wall thickness but with little or no increased
volume (39). Despite ventricular systolic hypertension. peak
systolic wall stress is normal in patients with compensated
aortic stenosis because the wall forces are distributed over
a greater cross-sectional area (8.14.39). However. the in-
creased wall thickness may result in a stiff diastolic ventricle
with reduced compliance and an elevated diastolic pressure.
which does not necessarily indicate failure (38-40).
Symptoms and signs of decompensation may occur be-
cause of the severity of the stenosis or because of depressed
myocardial performance. The degree of stenosis becomes
critical and limits cardiac output when the orifice area is
less than 1.0 crrr'. Depressed myocardial performance is
indicated by a reduced ejection fraction and increased di-
astolic volume (28,40). The increased afterload may cause
a greater depression of the ejection fraction than is observed
in other types of heart disease having depressed myocardial
performance.
Mitra/ Stenosis
In patients with mitral stenosis. stroke volume and cardiac
output are reduced because of obstruction of the mitral valve.
Although the left ventricular ejection fraction is reduced to
less than 0.40 in approximately one-third of patients with
mitral stenosis. the left ventricle is usually not dilated (49).
The mechanism for the reduced ejection fraction is un-
known. but it may be a result of previous rheumatic carditis.
Evaluation of Valve Surgery
Aortic regurgitation. Quantitative angiography has been
useful for evaluating the functional response to surgery in
valvular heart disease. Valve replacement for aortic regur-
gitation results in reductions of end-diastolic and end-sys-
tolic volumes. mass. wall stress and stroke work to normal
or near normal levels. The end-diastolic pressure. aortic
pressure. eccentricity and cardiac output also return toward
normal (50.51). The ejection fraction changes little if it was
normal preoperatively: it may improve from a depressed
QUANTITATIVE ANGIOGRAPHY AND HEART FUNCTION J AM cou, CARDIOL
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A. RAO PROJECTIOpreoperative level , but this is not always the case (50, 5 l ).
Studies have shown that depressed preoperative ventricular
function. as indicated by the ejection fraction. is associated
with a poorer prognosis and recovery of function after sur-
gery . Accordingly, it has been recommended (52) that pa-
tients undergo aortic valve replacement before depre ssed
myocardial performance develops.
Aortic stenosis. In patients with aortic stenos is or com-
bined aortic stenos is and regurgitation. valve replacement
result s in reductions in left ventricular mass , end-diastolic
and peak systolic pressures. stress and stroke work. and
increases in aortic systolic and diastoli c pressure (50). Ejec-
tion fraction improves in most cases . even if it was low
preoperatively (50).
Mitral regurgitation. In patients with mitral regurgi-
tation. the ejection fraction does not increase after surgery
and may even decrease (53). Although there are reductions
in end-diastolic volume. end-diastolic pressure and stroke
volume , hypertrophy does not regre ss and stroke work de-
creases only slightly (53). Nevertheless. long-term survival
in patients with mitral regurgitation is significantly impro ved
by surgery (54). Patients with a severely abnormal left ven-
tricle. with a greatly reduced ejection fraction and marked
dilati on . have a poorer long-term prognosis even with sur-
gery than do patients with mitral insufficiency and more
normal vent ricular performance (53.54).
Coronary Artery Disease
Regional wall motion abnormalities. Coronary artery
disease causes regional wall motion abnormalities. which
in early studies (55) were found in the distribution of sten-
osed or occluded arteries. More recent studies (56) using
techniques for quantifying the extent of coronary artery ste-
nosi s and for more' accurately determining the extent and
timing of regional wall motion abnormalities have dem-
onstrated a significantly increased frequency of regional hy-
pokinesia and delayed regional contraction or relaxation. or
both , when stenoses in the major coronary arterie s cau se
more than 60 to 70% reduction of diameter or a minimal
luminal area of less titan 1.0 mrrr' . Thi s occurs in patient s
without a histo ry of myocardial infarction (34.35,57), When
more than 20 to 30% of the endocardial contour becomes
akinet ic , end-diastolic volume is increased and ejection frac-
tion reduced (58). However, the extent of regional hypo-
kinesia or akinesia may not be reflected by the global ejec-
tion fraction becau se of compensatory hyperkinesia of
uninvolved regions of the myocard ium (Fig . 5) (35).
Delayed regional wall contract ion or relaxation (Fig. 5)
is common and contributes to the decreased systolic function
and increased diastolic stiffness of the left ventricle in pa-
tient s with coronary heart disease 03 .35.57) . The mecha-
nisms for the regional asyn chrony are not completely
under stood.
Figure 5. Rcgional wall motion calculated by the chord methud <.351in
a patient with isolated stenosisof thc right coronary artery. A, End-diastolic
and end-systolic endocardial contours. B. Fractional shortening at each
chord in the patient (solid line) is compared with th~ normal mcan ± I or
2 standard deviations (dashed lines). There is inferior hypokinesia and
compensatory anterior hyperkinesia. resulting in normal ejection fraction
of 67'7('. C, Time to minimal distance from the endocardial contour to the
long axis. This patient had hypokinesia without prolongation of contraction
time.
Yentricular dilation in patients with coronary heart dis-
ease. as in patients with other forms of heart disease. is
associ ated with hypertrophy. but to a lesser extent than is
seen in those patients having other types of heart disease.
Ventricular aneurysms may cause substantial increa ses in
ventricular dimensions and volume, resulting in increased
wall stress. The volume of the aneurysm usually chan ges
little during systole: therefore systolic expansion doe s not
contribute significantly to the mechanical defect.
Ejection fraction and revascularization surgery.
Ventricular performance as expressed by the global ejection
fract ion has been shown to be an important predictor of
survival in patients with coronary heart disease (59 ). Indeed ,
it is a more important pred icto r than is the number of sten-
osed coronary arteries. Studi es to date (59) have indicated
that survival is improved after coronary revascularization
surgery. particularly in patients with two or three vessel
80 J AM COLL CARDIOL
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disease and moderate depression (0.30 to 0.50) of ejection
fraction.
Although survival improves after surgery, global left ven-
tricular function as measured by the ejection fraction does
not improve as a result of surgery in the majority of patients
(60). However, some studies (61) have demonstrated less-
ening of regional hypokinesia after successful revasculari-
zation surgery. These results indicate that regional wall mo-
tion analysis is more sensitive than the global ejection fraction
not only for detecting ventricular dysfunction but also for
evaluating therapy.
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